One of the pathological functions of heat shock protein 22 (HSP22) is the association with inflammatory diseases and atherosclerosis. However, the effects of a high-fat diet (HFD) or oxidized low-density lipoprotein (ox-LDL) combined with atorvastatin (ATV) on HSP22 expression are entirely unknown. The present study investigated the effects of ATV on HSP22 expression in HFD-induced atherosclerotic apolipoprotein E-deficient (ApoE -/-) mice and in ox-LDL-induced human umbilical vein endothelial cells (HUVECs). Furthermore, the influence of HSP22-knockdown on the HFD-or ox-LDL-induced atherosclerotic model was also examined. It was found that HFD or ox-LDL treatment significantly increased HSP22 expression in the serum and aorta, accompanied by decreased phosphorylated (p)-endothelial nitric oxide synthase (p-eNOS) activity and activated p38 mitogen-activated protein kinase (MAPK). However, these effects were suppressed by treatment with ATV. Furthermore, HSP22-knockdown showed reduced ox-LDL-induced lesions, evidenced by increased p-eNOS activity and inactivated p38 MAPK, while suppression of cell proliferation inhibition and cell cycle arrest were also observed. Taken together, the results of this study suggest that HFD or ox-LDL increased the expression of HSP22 and p-p38 MAPK, and decreased the p-eNOS activity in vitro and in vivo, and ATV could reduce the effects by downregulating HSP22 expression.
Introduction
Heat shock protein (HSP) is a highly conserved protein synthesized by organisms in response to stress. According to the molecular size, it can be divided into HSP100, HSP90, HSP70, HSP60 and small heat shock protein. HSP has been shown to serve an important role in the development and progression of atherosclerosis (AS). HSP27 exerts its anti-atherosclerotic effect by restraining the antioxidant stress reaction, reducing the inflammatory response and inhibiting the proliferation, migration of vascular smooth muscle (1) . HSP60 causes inflammation in AS by increasing the endothelial dysfunction via induction of the anti-HSP60 adaptive immune reaction (2) .
HSP22, a type of small molecular weight HSP (3), was first found in HeLa and melanoma cells. The HSP can be activated by different proteases and has molecular chaperone and autokinase bioactivities. HSP22 protects the cells by regulating proliferation and migration, and inhibiting apoptosis (4). Marunouchi et al (5) reported that the expression of HSP22 in cardiomyocytes was increased on the compensation stage of heart failure following myocardial infarction, and that HSP22 can protect the mitochondrial function. A decrease in the phosphorylation of HSP22 was positively correlated with mitochondrial hypofunction, which resulted in heart failure, suggesting a protective role of HSP22 in cardiomyocytes (6) . However, the association between HSP22 and AS remains unclear.
Statins have often been used in AS treatment due to their pleiotropic effects on inflammation (7) . Atorvastatin (ATV) exerts its anti-atherosclerotic effects by targeting the receptor for advanced glycation end products in human umbilical vein endothelial cells (HUVECs) and in Goto Kakisaki rats (8) , or by downregulating HSP22 expression induced by oxidized low-density lipoprotein (ox-LDL) in HUVECs (9) . In addition, statins have a number of other effects, including anti-inflammation, anti-oxidative stress and improving endothelial function (10) . However, the specific mechanism of ATV on AS and the effect of ATV on HSP22 expression remain unknown.
The present study aimed to investigate whether ATV exerts part of its inhibitory role on the progression of AS by targeting HSP22. Specifically, the expression of HSP22 and its downstream p38 signaling, and endothelial nitric oxide synthase (eNOS) activity in apolipoprotein E-deficient (ApoE -/-) mice and HUVECs. Moreover, cell proliferation and the cell cycle were also measured in HUVECs with HSP22 knockdown by shRNA transfection.
Materials and methods

Animals and diets.
A total of 36 male ApoE -/-mice (8 weeks old, 18-22 g), provided by the Scientific Research Institute (Shanghai, China), were housed using a 12 h light/dark cycle at a constant temperature of 25˚C, with a relative humidity of 60-70%. The mice were randomly divided into three groups: The normal diet group (ND; 12 mice), the high-fat diet group (HFD; 12 mice) (diets both from Mediscience Ltd., Jiangsu, China) and the HFD plus ATV group (HFD + ATV; 12 mice; ATV from Pfizer, Inc., Suzhou, China). Mice in the ATV-treated group were treated with 10 mg/kg/day ATV via intragastric administration. All the mice were fed for 13 weeks with an HFD, and otherwise were treated with ATV for 9 weeks subsequent to being fed for 4 weeks with an HFD. Subsequent to being fed with HFD or ATV, mice were further fed with a normal diet for 1 week and anesthetized with 3% sodium pentobarbital (40 mg/kg; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) via intraperitoneal injection prior to cervical dislocation. All animal care and experimental procedures in the current study complied with the protocol approved by the Second Affiliated Hospital of Nanchang University (Nanchang, China).
Metabolic profile analysis. Serum collected from the blood samples of the three different groups was used to measure levels of plasma lipids, including total cholesterol (TC), triglycerides (TG), low-density lipoprotein cholesterol (LDL) and high-density lipoprotein cholesterol (HDL), using a cholesterol kit (cat. no. 000060094), triglycerides kit (cat. no. 000060104), HDL-cholesterol kit (cat. no. 000000190) and LDL-cholesterol kit (cat. no. 000000210) (all BioSino Biotechnology Co., Ltd., Shanghai, China), respectively.
Immunohistochemistry. Aortas of the three different groups were collected and quickly frozen in liquid nitrogen, as previously described (8) , and then stored at -80˚C for hematoxylin and eosin (H&E) and immunohistochemical studies, as previously described (11, 12) . Paraffin-embedded aorta sections (4 to 7-μm thick) were fixed in 10% formalin overnight at room temperature, and separately dehydrated by 50, 70, 85, 95 and 100% ethanol for 2 h, then deparaffinized by dimethylbenzene for 15 min and separately hydrated by 100, 95, 85 and 75% ethanol for 5 min at room temperature. Following blocking with 2% bovine serum albumin (Sigma Aldrich; Merck KGaA) in PBS for 1 h at room temperature, the tissue sections were incubated with anti-HSP22 (1:100 dilution; cat. no. ab151552; Abcam, Cambridge, MA, USA) and anti-phosphorylated p38 (anti-p-p38) (1:1,600; cat. no. 9212; Cell Signaling Technology, Inc., Danvers, MA, USA) primary antibodies at 4˚C overnight, and then incubated with biotinylated secondary antibodies, horseradish peroxidase goat anti-rabbit IgG (1:100 dilution; cat. no. 111-035-008) and goat anti-mouse IgG (H+L) (1:100 dilution; cat. no. 111-035-003) (noth Jackson ImmunoResearch, West Grove, PA, USA) for 1 h at room temperature. Five fields from each slide were examined using microscopy (x200 magnification) and images were captured using a light microscope equipped with a camera (Olympus BX-50; Olympus Corporation, Tokyo, Japan).
Enzyme-linked immunosorbent assay (ELISA)
. Secretion of HSP22 from serum samples of the three different groups was determined by ELISA using the Heat Shock 22kDa Protein 8 (HSPB8) ELISA kit (cat. no. ABIN425260) according to the manufacturer's protocols (Beijing 4A Biotech Co., Ltd., Beijing, China).
Cell culture. HUVECs were purchased from Eidia Ltd.; Sekisui Chemical Co., Ltd. (Tokyo, Japan) and cultured in The Second Affiliated Hospital of Nanchang University. HUVECs at passage 3-4 were used for experiments. The cells were cultured with serum-free RPMI-1640 medium for 24 h prior to treatment. The HUVECs were randomly assigned to the indicated groups as follows: The control group, the ox-LDL (160 µg/ml) group, the ATV (40 µM) group and the ox-LDL (160 µg/ml) plus ATV (40 µM) group. HUVECs were treated with ox-LDL or ATV alone for 24 h. For the combined group, HUVECs were treated with ox-LDL for 24 h, followed by ATV for 24 h. Cells were cultured at 37˚C for 24 h with 5% CO 2 .
Short hairpin RNA (shRNA) transfection. HSP22 shRNA-1, 5'-GCTGGGAGCCTGTCAGTTTAT-3'; HSP22 shRNA-2, 5'-GGATCCTGTGACAGTATTTGC-3'; and HSP22 shRNA-3, 5'-GCAGTTTCAACAACGAGCTTC-3' , designed for targeting human SLC44A5 mRNA, were cloned into a lentiviral vector (pLKO.1-EGFP; Addgene, Cambridge, MA, USA). The cells were transfected with pLKO.1-EGFP-HSP22-shRNA (40 nM) using Lipofectamine 2000 (Thermo Fisher Scientific, Inc., Waltham, MA, USA) according the manufacturer's protocol. A non-specific scramble shRNA sequence was used as negative control (NC; 5'-TTCTCCGAACGTGTCACGT-3'). Cell proliferation and the cell cycle were analyzed at 48 h post-transfection.
MTT assay. HUVECs were treated with ox-LDL (20, 40, 80, 160 and 320 µg/ml) or ATV (20, 40, 80, 160 and 320 µM), respectively, while HUVECs with HSP22 shRNA transfection were treated with ox-LDL (160 µg/ml), ATV (40 µM) or ox-LDL (160 µg/ml) plus ATV (40 µM), and incubated for 24, 48 and 72 h. Next, the HUVECs were cultured with 20 µl MTT (5 mg/ml) for 4 h. The intracellular formazan crystals formed were solubilized with acidic isopropanol (Sigma-Aldrich; Merck KGaA) and the absorbance was read on a microplate reader (Utrao Medical Instrument, Shanghai, China) at 570 nm.
Cell cycle assay. HUVECs with HSP22 shRNA transfection (5x10 5 cells/well) were treated with ox-LDL (160 µg/ml), ATV (40 µM) or ox-LDL (160 µg/ml) plus ATV (40 µM), and subsequently incubated with propidium iodide (PI) and 0.5 µg/µl RNase A for 30 min. Thereafter, the cells were analyzed on a flow cytometer (BD Biosciences, San Diego, CA, USA).
mRNA quantization by reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
Total RNA isolated from aortas or HUVECs using TRIzol and purified with an RNAeasy kit (both Thermo Fisher Scientific, Inc.) was reversed transcribed to cDNA using the Prime-Script RT reagent kit (Takara Bio, Inc., Otsu, Japan). RT-qPCR was performed with the ABI 7500 (Applied Biosystems, Foster City, CA, USA) using SYBR Premix Ex Taq (Takara Bio). Primers were as follows: HSP22 sense, 5'-CAG GTC CCT CCT TAC TCA-3' and antisense, 5'-CCC GCA CCC TCTA ACA T-3'; and β-actin sense, 5'-AGG GGC CGG ACT CGT CAT ACT-3' and antisense, 5'-GGC GGC ACC ACC ATG TAC CCT-3'. The HSP22 mRNA level was normalized by internal β-actin mRNA. The following thermocycling conditions were used for the PCR: 95˚C for 10 min, followed by 40 cycles of 95˚C for 15 sec and 60˚C for 45 sec, and a final extension step of 95˚C for 15 sec, 60˚C for 1 min, 95˚C for 15 sec and 60˚C for 15 sec. The relative quantification values for the gene expression were calculated using the 2 -ΔΔCq method (13) .
Western blot analysis. Total protein was extracted from aortas or HUVECs using radioimmunoprecipitation buffer (JRDUN Biotechnology Co., Ltd. Shanghai, China). The total protein concentration in each sample was measured using a Lowry protein assay kit (Bio Rad Laboratories, Inc., Hercules, CA, USA). Equal amounts of extracted protein (50 μg) were separated by SDS-PAGE on a 10% gel and transferred onto polyvinylidene difluoride membranes (Roche Diagnostics GmbH, Mannheim, Germany), followed by blocking in 5% skimmed milk overnight at 4˚C. Statistical analysis. The data are presented as the mean ± standard deviation of at least two independent studies each performed in triplicate. Statistical analyses were performed using GraphPad Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA).
Comparisons of means between groups were analyzed using one way analysis of variance followed by Tukey's post hoc test. P<0.05 was considered to indicate a statistically significant difference.
Results
ATV reduces atherosclerotic lesion formation in ApoE
-/-mice. Fig. 1A shows the data on the TC, TG, LDL and HDL levels of the ApoE -/-mice. Statistical analysis showed that HFD treatment for 12 weeks significantly increased the levels of TC, TG and LDL compared with the ND group, with HDL as an exception. However, the data indicated that ATV can markedly reduce the effects of HF on the levels of TC, TG, LDL and HDL in ApoE -/-mice. Moreover, the H&E staining results of aortic root showed the presence of more atherosclerotic plaques in the ApoE -/-mice with HFD treatment compared with that in the ND group (Fig. 1B) . Whereas, in ApoE -/-mice, the ATV treatment showed fewer atherosclerotic plaques than in HFD group. These data show that ATV can inhibit the formation of atherosclerotic areas in the aortic roots of ApoE -/-mice.
ATV alters the content of HSP22, p-eNOS and p-p38 in atherosclerotic lesions. Aorta cross-section immunochemistry results showed that there was significantly less HSP22 in the aortic plaques following intervention with ATV in ApoE -/-mice when compared with HFD treatment alone ( Fig. 2A) . The similar effects of HFD and ATV treatment on the content of HSP22 were also found at the serum (Fig. 2B ) and aortic tissue ( Fig. 2C and D) levels. In addition, compared with the ND group, the HFD group exhibited decreased p-eNOS expression in the aortic tissue ( Fig. 2C and E) , while the p-p38 increased (Fig. 2C, E and F) . However, ATV did significantly augment p-eNOS and reduce p-p38 in the aortic tissue of the HFD group. These data show that ATV can activate the eNOS signaling pathway and inhibit the p38 mitogen-activated protein kinase (MAPK) signaling pathway, which have already been shown to serve a key role in anti-atherosclerotic effects (14) .
Effects of ox-LDL and ATV on HUVEC proliferation.
The concentration-dependent effect of ox-LDL on HUVEC proliferation is shown in Fig. 3A . As shown in Fig. 3A , compared with the ND group, HUVEC proliferation was increased with ox-LDL stimulation at lower concentration (20 µg/ml) at 24 and 48 h; however, incubation with different , apolipoprotein E-deficient; TC, total cholesterol; TG, triglycerides; LDL, low-density lipoprotein cholesterol; HDL, high-density lipoprotein cholesterol; ATV, atorvastatin.
concentrations of ox-LDL (80, 160 and 320 µg/ml) led to a significant decrease. The initial significant decrease in proliferation compared with the control was observed following incubation of HUVECs with 80 µg/ml ox-LDL at 24, 48 and 72 h. To investigate the effects of ATV on the cytotoxicity of HUVECs, the proliferation of HUVECs treated with ATV at different concentrations and for time periods was also measured. Stimulation of HUVECs with 40 and 80 µM ATV led to a significant increase in HUVEC proliferation that was highest at 72 h post-ATV application, while decreased proliferation was noted when using higher concentrations of ATV treatment (160 and 320 µM) in HUVECs at 72 h (Fig. 3B) . These results indicate that ox-LDL and ATV induce the proliferation of HUVECs in a concentration-and time-dependent manner. Therefore, 160 µg/ml ox-LDL and 40 µM ATV were used for subsequent experiments. ## P<0.01 compared with the HFD group. Scale bars, 100 µm. ND, normal diet; HFD, high-fat diet; HSP22, heat shock protein 22; eNOS, endothelial nitric oxide synthase; MAPK, mitogen-activated protein kinase; ApoE -/-, apolipoprotein E-deficient; ATV, atorvastatin; p-phosphorylated. Fig. 4A and B show that 160 µg/ml ox-LDL treatment for 24 h significantly increased the mRNA and protein expression of HSP22 in HUVECs compared with the control group, but that 40 µM ATV treatment for 24 h significantly decreased HSP22 expression. Prior to the ATV treatment, pretreatment with ox-LDL at a concentration of 160 µg/ml for 24 h significantly decreased the mRNA and protein expression of HUSP22 in HUVECs compared with the group with ox-LDL treatment alone. Fig. 4C and D show that stimulation of ox-LDL caused decreased p-eNOS and increased p-p38 levels in HUVECs compared with the control group, but that ATV had an inverse effect. Prior to the ATV treatment, pretreatment with ox-LDL significantly increased p-eNOS and decreased p-p38 levels in HUVECs compared with using the ox-LDL treatment alone.
ATV inhibits the effects of ox-LDL on the expression of HSP22, p-eNOS and p-p38 in HUVECs.
HSP22 shRNA alters the expression of p-eNOS and p-p38 in HUVECs induced by ox-LDL.
To elucidate whether the cytoprotection of ATV was associated with its downregulation of HSP22 in ox-LDL-stimulated HUVECs, three shRNAs targeting HSP22 were cloned into a lentiviral vector for HUSP22-knockdown. shRNA-2 showed a minimal HSP22 protein level compared with the other two shRNAs in the HUVECs, but exhibited no effect in NC-transfected HUVECs (Fig. 5A) . Moreover, shRNA transfection in HUVECs significantly decreased HSP22 expression in ox-LDL, ATV and ox-LDL plus ATV treatment groups compared with corresponding NC groups (Fig. 5B) . Notably, increased p-eNOS levels were found only in HUVECs with shRNA or shRNA plus ox-LDL treatment groups compared with the corresponding NC groups (Fig. 5C and D) . Similarly, HSP22 shRNA markedly decreased the p-p38 levels in ox-LDL, ATV and ox-LDL plus ATV treatment groups compared with that in the corresponding NC groups (Fig. 5C and D) . These findings suggest that the inhibition of the cytotoxicity of ATV is associated with its downregulation of HSP22.
HSP22 shRNA reduces proliferation inhibition and cell cycle arrest of HUVECs induced by ox-LDL.
The effects of HSP22-knockdown on cell proliferation and the cell cycle progression of HUVECs were measured by MTT and flow cytometry analysis, respectively. ATV treatment markedly reversed the inhibition of proliferation of HUVECs with NC or HSP22 shRNA transfection caused by ox-LDL treatment at 24, 48 and 72 h (Fig. 6A-C) . More importantly, HSP22 P<0.01 compared with the corresponding NC group. ox-LDL, oxidized low-density lipoprotein; ATV, atorvastatin; HUVECs, human umbilical vein endothelial cells; HSP22, heat shock protein 22; eNOS, endothelial nitric oxide synthase; MAPK, mitogen-activated kinase; HFD, high-fat diet; p-, phosphorylated; t-, total; NC, negative control; shRNA, short hairpin RNA.
shRNA had a similar effect to ATV, which showed increased proliferation of HUVECs compared with the corresponding NC groups. Furthermore, ATV or HSP22 shRNA treatment reduced the ox-LDL-induced G2/M cell cycle arrest of HUVECs ( Fig. 6D and E) . However, treatment with ATV alone had no effect on the cell cycle of the HUVECs.
Discussion
Coronary artery AS is the single largest killer of men and women in the world; it is the principal cause of coronary artery disease, in which atherosclerotic changes are present within the walls of the coronary arteries (15) . The accumulation of lipoproteins not only damages the endothelial cells, but also modulates the expression levels of adhesive molecules and inflammatory factors, resulting in the progression of AS (16) . Depending on the model used, animals fed an HFD usually develop hyperlipidemia. ATV therapy is effective in lowering the serum lipid levels in these animals, including the cholesterol and TG levels (17, 18) . In the present study, the lipid metabolism of ApoE -/-mice was abnormal following HFD intervention, showing increased serum levels of TC, TG and LDL, and a decreased HDL serum level. Atherosclerotic plaques were also observed in HFD-treated ApoE -/-mice, which indicated that an AS mouse model had been successfully established.
HSP22 is widely distributed in a number of tissues, particularly in skeletal muscle, smooth muscle, the myocardium and the brain (19) . In the present study, the expression of HSP22 was measured by western blot analysis and immunochemistry assay. It was found that the HFD model exhibited a higher level of HSP22 expression compared with the ND group in ApoE -/-mice. LDL, particularly ox-LDL, is the main cause for AS in hyperlipidemia mice. In the present study, it was also found that ox-LDL can stimulate HUVECs and then increase the expression of HSP22. HSPs can be detected in the serum of various diseases; for example, HSP70, is considered to be the predictor for acute coronary syndrome and the risk factor for cardiovascular disease (20) . The present results found that the content of HSP22 in the serum of ApoE -/-mice was significantly increased following HFD treatment.
Endothelial dysfunction, a critical and initial factor for AS, is dependent on the expression of eNOS (21) . Under anoxic conditions, the increased expression of HSP22 in the myocardial cells and mitochondria can upregulate the expression of mitochondrial NOS. NO generation by eNOS possesses a protective effect on cardiomyocytes through decreasing the levels of oxidative phosphorylation, reactive oxygen and the opening of mitochondrial permeability transition pores (22) . In the present study, it was found that HFD or ox-LDL stimulation decreased the levels of P<0.01 compared with the corresponding NC group. ox-LDL, oxidized low-density lipoprotein; ATV, atorvastatin; HUVECs, human umbilical vein endothelial cells; HSP22, heat shock protein 22; eNOS, endothelial nitric oxide synthase; MAPK, mitogen-activated kinase; HFD, high-fat diet; p-, phosphorylated; t-, total; NC, negative control; shRNA, short hairpin RNA; OD, optical density.
p-eNOS/eNOS, in contrast to the expression of HSP22 in ApoE -/-mice and HUVECs, which was a similar result to a previous study (23) .
Activation of AMP-activated protein kinase has been reported to possess anti-atherosclerotic effects by upregulating the protein kinase B/eNOS/NO signaling pathway, leading to the suppression of p38-mediated nuclear factor-κB activation and consequent suppression of downstream inflammatory responses (24, 25) . The suppression of MAPK has also been reported to have beneficial effects on AS through inhibition of adhesion molecules and anti-inflammatory effects, as well as increase in the stability of carotid plaques (26, 27) . In the present study, the expression of p-p38 MAPK was markedly increased in the ApoE -/-mice and the HUVECs. In the HFD-induced AS model, inhibition of p38 MAPK promotes vasculogenic cells survival, activates the downstream mitogen-and stress-activated protein kinase and the cyclic adenosine monophosphate response element binding protein, and reduces endothelial dysfunction and AS progression (28) .
ATV, as the hydroxy-3-methylglutaryl-CoA reductase inhibitor, has been reported to serve a protective role in cardiovascular disease, including AS. However, the mechanisms through which ATV attenuates the progress of AS is complex and not completely understood. Notably, in the present study, ATV decreased HSP22 and p-p38 MAPK expression, and increased p-eNOS/eNOS expression in the ApoE -/-mice and the HUVECs. A previous study showed that ATV reduced endothelial apoptosis through suppressing advanced glycation end product-induced injury and increasing the expression of HSP70 (29) , while the upregulation of HSP22 was able to promote the inflammation of rheumatoid arthritis (30) . According to these findings, we propose that ATV protects against AS by directly inhibiting the expression of HSP22. In thre present study, HSP22 downregulation increased p-eNOS/eNOS and decreased p-p38 MAPK expression in the HUVECs, suggesting that ATV reduced AS through suppressing HSP22-dependent inactivation of eNOS signaling and activation of p38 MAPK, which is in line with another previous study (31) . Ye (32) reported that the inhibition of HSP22 aggravated the cell apoptosis induced by ox-LDL, indicating a protective effect of HSP22 on cells through improving ox-LDL-induced lesions. However, the present results observed that inhibition of HSP22 by shRNA transfection in HUVECs reduced cell proliferation inhibition and cell cycle G2/M arrest induced by ox-LDL.
A limitation of the present study is that it could not provide direct evidence of HSP22 activating the p38 MAPK signaling pathway. The definitive mechanisms of action for ATV require further investigation in vitro by culturing primary aortic endothelial cells. In the present study, ATV was shown to suppress ox-LDL-induced HSP22 expression, which suggests that the powerful anti-atherosclerotic effects of ATV may activate eNOS signaling and inhibit p38 MAPK signaling by suppressing HFD-or ox-LDL-induced HSP22 expression. Investigation of the HSP22 expression induced by HFD-or ox-LDL may provide a clue to understanding the pathophysiology of AS, and may lead to a novel and promising therapeutic strategy.
